Abstract: This study proposes a new control method for Z-source inverter (ZSI) -called the one-dimension ZSI (ODZSI) -based on the single-phase modulator technique. The notable feature of the proposed control compared with the spacevector modulation strategy is its reduced computational processing time, which is attractive for digital implementation. Compared with the maximum boost control (MBC), which uses carrier-based pulse width modulation control methods, the proposed algorithm enhances the output voltage and current quality. In this study, the results of MBC are compared with those obtained with a single-phase modulator for three-phase ZSI showing its advantage for improving the line output current and voltage total harmonic distortion. The obtained simulation and hardware results ensure the feasibility and validate the performance of the ODZSI modulation method applied to each phase. The proposed method is easier for digital implementation with less computation, and will be beneficial for further industrial applications of ZSIs. The simulation results are carried out using MATLAB/Simulink, and the hardware performance are provided and discussed.
Introduction
The conventional voltage source inverter (VSI) is a common circuit topology for dc/ac power conversion. The main drawback of VSI is that the maximum output voltage obtained can never exceed the dc-link voltage. To obtain an output voltage higher than the input, an additional stage of dc/dc converter is required, which increases the cost of the system and decreases the efficiency. To overcome the aforementioned disadvantages of VSI, Z-source inverter (ZSI) is introduced in [1] where a unique impedance network is coupled between the dc power source and the inverter main circuit. The obtained efficiency is higher due to the main feature of ZSI, which combines the advantages of buck/boost in one-stage power conversion. Moreover, the reliability is improved due to the inclusion of the shoot-through (ST) interval, which is not allowed in VSI because it destroys the devices. The operation of ZSI has an additional ST state to boost the dc-link voltage besides the eight switching states in conventional converters, that is, six active and two null vectors [2] . The structure of the ZSI and its equivalent circuits are depicted in Figs. 1a-c, respectively. The ZSI has gained increasing attention and has been used in several applications such as wind power generation [3, 4] , photovoltaic systems [5] [6] [7] [8] [9] [10] and electrical drive systems [11] [12] [13] . The basic topology of the two-level ZSI has been extended to a single-and multiple-phase three-level inverter in [14] [15] [16] with carefully inserted ST to achieve the desired output performance.
Many control techniques such as carrier-based pulse width modulation (CB-PWM) and space-vector PWM (SVPWM), have been proposed for controlling ST in ZSI [17] [18] [19] [20] [21] [22] . Since the ZSI was proposed in 2003, considerable work has been done on this subject, especially for the PWM control methods. There are four different control methods for ZSI: namely, the simple boost control (SBC) [17] , the maximum boost control (MBC) [18] , the maximum constant boost control [19] and the modified SV modulation boost control methods [23] , which were compared in [24, 25] . The MBC using carrier-based achieves the highest voltage gain by maximising the ST interval time; it turns all traditional zero states into the ST state while keeping the six active states unchanged, thus, minimising the voltage stress across the switches. The variable ST time produces a low-frequency ripple in the inductor current and the capacitor voltage. The sketch map of this control is depicted in Fig. 2 . On the other hand, the maximum constant boost control achieves a maximum boost factor while keeping the ST duty ratio constant, which eliminates the low-frequency harmonic component in the impedance-source network. However, the voltage stress is relatively higher due to the presence of null vectors (000) and (111). The range of the modulation index is extended from 1 to 2/ 3 √ by injecting a third-harmonic component with 1/6 of the fundamental component magnitude to the three-phase-voltage references. A detailed comparison of four (space vector modulations (ZSVMs)) SV modulations for the three-phase Z-source/quasi-ZSI and SBC is carried out in [26, 27] , the results of which show that (ZSVMs) achieve a higher dc-link voltage utilisation compared with the SBC. A good summary and review of all the topologies and switching control types proposed for Z-source converters so far were provided by Siwakoti et al. [28, 29] .
The voltage SV and flow diagram for implementing the SVPWM-based MBC (SV-MBC) strategy in [21] is shown in Fig. 3 . It can be clearly seen that the procedure is too complex due to the difficulty in determining the location of the reference, the calculation of the ON-times for each vector in every sector and the determination and selection of the switching states.
The aim of this paper is to present a new time-domain duty-cycle computation technique called one-dimension ZSI (ODZSI). This is based on a single-phase modulator that has been adapted to generate the ST pulses, thereby showing its conceptual simplicity and its very low computational cost
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Research Article compared with SV strategies that have become one of the most important modulation techniques for three-phase converters due to their easy digital implantation and wide linear modulation range [30] . The obtained simulation and hardware results demonstrate that the ODZSI applied to each phase are similar to the conventional techniques and advantageously enhance the output voltage and current quality.
Proposed ODZSI
The principle of the method in [31] can also be used to develop a high switching frequency modulation technique for the ZSI. The OD modulation technique is based on the generation of the reference line-to-ground voltage as an average of the nearest voltage levels. The single-phase modulation problem is reduced to very simple calculations, which can easily determine the switching sequence (formed by two switching states) and the corresponding switching times [32, 33] . To derive the relationship between the reference inverter line-to-ground voltages V Xg_ref and inverter switching states S x , the volt-second balancing principle is implemented, as shown in Fig. 4 .
For a given reference inverter line-to-ground voltage V xg_ref , this reference voltage can be generated by the two nearest sequent 
(1)
where x denotes phases a, b or c and
Substitution of (3) in (2) yields
The switching state of phase x (S x ) is determined using the integer function integer (INT) that returns the nearest INT less than or equal to its argument
With the switching state of phase x (S ph−x ) and its dwell times T 1 and T 2 are calculated (S ph−x = S x during T 1 and S ph−x = S x + 1 during T 2 ), the next step is to generate the ZSI switching pulses. The ST is introduced when the switching state S ph−a = S ph−b = S ph−c = 1 or S ph−a = S ph−b = S ph−c = 0 where all zero states are turned to ST state by turning on the upper and bottom switches simultaneously without affecting the active vectors. Table 1 lists the switching states for a three-phase legs ZSI controlled by the proposed algorithm.
To increase the range of the modulation index M, the third-harmonic injection can be used here. The operation principle of the proposed high switching modulation technique method for ZSI is illustrated in Fig. 5 . To verify the validity and feasibility of the proposed control strategy, simulation and experiments have been performed using a laboratory prototype, as shown in Fig. 6 . The three-phase ZSI hardware is built using the parameters summarised in Table 2 .
The aim of the prototype is to compare the performance of the proposed control algorithm for ZSI under different input voltages to obtain the same output line-to-line V figure part (a) , the ac output V LL voltage (top) and the V ph are illustrated in figure  part (b) , and the last two figure parts (c and d) depict the ac output current and total harmonic distortion (THD) spectrum, respectively. The THD graph contains the fundamental frequency component of about 60 V followed by 19 harmonics components. It can be clearly seen that there is a great matching between the proposed and conventional methods. Moreover, the experimental and simulation results match very The variation of THD with the modulation index for the inverter V LL voltage is depicted in Figs. 13 and 14 . This illustrates that THD is inversely proportional to the modulation index M. In other words, a lower THD in the output voltage is experienced at a higher modulation index. The graph compares the THD of the V LL voltage for the proposed algorithm and CB-PWM within a range . It can be seen that the THD using ODZSI is about 10% less than the conventional technique, which augments the output voltage quality. Table 4 summarises the obtained results for V dc = 72 and M = 1.1.
Conclusion
In this paper, a new control method has been presented based on the single-phase modulator to obtain the maximum voltage gain of the ZSI. The ST period is maximised by turning all zero states into the ST state, whereas the active state remains unchanged. The results obtained show that the proposed control strategy achieves the same performance compared with CB-PWM for the ZSI and minimises the line voltage and current THD. Simulations using MATLAB/Simulink and experiment were carried out to demonstrate the validity and feasibility of the proposed control algorithm under different modulation index values. 
